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I. INTRODUCTION
F UTURE wireless systems must have high spectral efficiency to allow high data rates and high user capacities. Multicarrier modulation realized by orthogonal frequency-division multiplexing (OFDM) [1] , [2] is well suited for broadband applications in fading channels and has been chosen for several new standards like terrestrial digital audio broadcasting (DAB) [3] and digital video broadcasting (DVB-T) [4] in Europe, and the three broadband wireless LAN standards [5] : IEEE 802.11a, European HIPERLAN/2, and Japanese MMAC. Moreover, multicarrier modulation in combination with the spread-spectrum technique offers promising multiple access concepts for future mobile radio systems, known as MC-CDMA, OFDM-CDMA or MC-DS-CDMA [6] - [9] .
In this paper, the concept of OFDM code-division multiplexing (OFDM-CDM) is introduced and investigated for its suitability for broadband applications in fading channels. OFDM-CDM is a multiplexing scheme. The abovementioned MC-CDMA is a special case of OFDM-CDM, where it is applied for user separation in multiple-access schemes. The idea of OFDM-CDM has been presented in [10] . The performance of OFDM-based systems can be improved by applying CDM, where each data symbol is spread over several subcarriers and several OFDM symbols, exploiting additional frequency and time diversity. By using orthogonal spreading codes, self-interference (SI) between data symbols can be minimized. Nevertheless, SI occurs in fading channels due to the loss of orthogonality between the spreading codes. To reduce this degradation, an efficient data detection and decoding technique must be used. A soft interference cancellation scheme is applied to concatenate detection and decoding in an iterative manner. Its performance is compared to that of maximum-likelihood detection and minimum mean square error (MMSE) equalization. To guarantee optimum soft decision Viterbi decoding, reliability information in form of log-likelihood ratios (LLRs) is derived for various OFDM-CDM detection techniques. The tradeoff between spreading and channel coding in OFDM systems is presented for fading channels. Moreover, the performance of OFDM-CDM is compared to that of conventional OFDM systems like those employed in DVB-T and HIPERLAN/2. Finally, a bandwidth efficiency plan for OFDM-CDM with different data rates and symbol mapping schemes is given, where the achievable bandwidth efficiency at a certain bit error rate (BER) versus the signal-to-noise ratio (SNR) is shown. This paper is organized as follows: Different concepts of exploiting diversity in OFDM systems are discussed in Section II, giving the motivation for OFDM-CDM. In Section III, the OFDM-CDM signal structure is introduced. Different data detection techniques and the derivation of LLRs for OFDM-CDM are presented in Section IV. The BER performance and the bandwidth efficiency of OFDM-CDM systems are shown and compared to that of conventional OFDM systems in Section V. Finally, Section VI summarizes the results.
II. DIVERSITY IN OFDM SYSTEMS
OFDM systems require additional methods to exploit diversity, since the performance of uncoded OFDM systems in time and frequency selective fading channels is poor [11] . One approach is the use of data spreading where each data symbol is spread over multiple subcarriers. This in combination with interleaving can achieve performance results which are given by the closed-form solution for the BER for diversity reception in Rayleigh fading channels according to [12] (1) where and is the variance of the noise. As soon as the interleaving is not perfect, i.e., the diversity offered by the channel is smaller than the spreading code length , or we apply CDM where SI and/or noise amplification occur at the receiver, (1) uncoded OFDM system is obtained, which cannot exploit any diversity.
Another form of achieving diversity in OFDM systems is channel coding, where the information of each data bit is spread over several code bits. Additional to the diversity gain in fading channels, a coding gain can be obtained due to the selection of appropriate coding and decoding algorithms [12] . Due to the additional coding gains, coded OFDM systems can outperform uncoded OFDM-CDM systems [11] .
When combining OFDM-CDM with channel coding, this scheme can benefit from the spreading gain given by (1) and additionally from the diversity gain due to coding and the coding gain.
III. OFDM-CDM SIGNAL STRUCTURE
The transmitter of an OFDM system with CDM is shown in Fig. 1(a) . After channel encoding, outer interleaving , and symbol mapping, the complex valued data symbols are multiplied, i.e., encoded, by orthogonal spreading codes. The data symbols are of duration , where is the duration of a chip and is the length of a spreading code. To avoid a decrease in bandwidth efficiency due to the inner coding, encoded data symbols are superimposed. As a result, the inner encoder, i.e., the spreading, does not change the bit rate and as a result is a rate 1 coding operation. 1 Given the vector consisting of subsequent data symbols, the inner encoding results in the encoded sequence given by (2) Variables which can be interpreted as values in the frequency domain like the symbols , each modulating another subcarrier frequency, are written in capital letters. The transposition is denoted by . The Hadamard transformation [12] with matrix (3) is applied to perform coding and multiplexing. The resulting columns of the matrix represent the orthogonal spreading codes.
After the inner interleaving operation , the sequence is modulated onto different subcarriers and different OFDM symbols, depending on the depth of the inner interleaver. The total number of subcarriers is . The interleaver with size performs frequency interleaving for and time and frequency interleaving for . Moreover, reduces the complexity of the receiver. Thus, several sequences can be modulated in parallel. OFDM comprises the blocks inverse fast Fourier transform (IFFT) and cyclic extension of an OFDM symbol as guard interval.
IV. DATA DETECTION Fig. 1(b) shows an OFDM-CDM receiver. Due to frequency and time selective fading in the time-variant multipath channel, the orthogonality of the code-division multiplexed data symbols gets lost and SI occurs. Efficient data detection techniques have to be applied to reduce the degradation caused by the channel. Two types of detection techniques can be distinguished: 1) single symbol detection where one data symbol is detected, not taking into account any information about the SI, and 2) multisymbol detection where knowledge about the SI is exploited.
After guard interval removal, fast Fourier transform (FFT) and inner deinterleaving , the received sequence at the input of the data symbol detector is (4) The diagonal matrix represents the fading on the subchannels where has been transmitted on, assuming that the guard interval duration exceeds the delay spread of the multipath channel. The vector gives the noise on the subchannels.
A pilot symbol-aided channel estimation delivers the channel state information to perform coherent detection. Two-dimensional channel estimation techniques have lower redundancy compared to one-dimensional techniques due to the distribution of pilot symbols in time and in frequency direction. They can efficiently be applied in OFDM systems as shown in [13] and [14] .
A. Single Symbol Detection
Single symbol detection is realized by a bank of adaptive one-tap equalizers to combat the phase and amplitude distortions caused by the multipath propagation on the subchannels. The equalization coefficients are given by the diagonal matrix . The detected data vector is obtained by (5) where the quantization operation yields hard decisions according to the symbol alphabet of . The conjugate complex is denoted by . The term equalizer is generalized in the following, since the processing of the received vector according to typical diversity combining techniques is also taken into account as single symbol detection technique.
Phase Correction (PC) also known as equal gain combining (EGC) compensates the phase rotation caused by the channel by choosing the equalization coefficients , of as (6) where , are the diagonal components of . PC does not restore the orthogonality between the spreading codes in a fading channel and allows SI at the receiver.
Maximum Ratio Combining (MRC) weights each subchannel with its respective conjugate complex channel coefficients, leading to (7) The drawback of MRC in OFDM-CDM systems is that it additionally destroys the orthogonality between the spreading codes of the parallel data streams and, thus, additionally enhances the SI.
Zero Forcing (ZF) applies channel inversion and can completely eliminate the SI by restoring the orthogonality between the parallel data streams with an equalization coefficient chosen as (8) The drawback of ZF is that for small amplitudes of the equalizer enhances the noise in such a way that the SNR may go to zero on some subcarriers.
Minimum Mean Square Error (MMSE) equalization [15] for single symbol detection in OFDM-CDM systems yields the diagonal elements of given by (9) The computation of the MMSE equalization coefficients requires an estimate of the actual variance of the noise . To overcome the additional complexity due to the estimation of with MMSE equalization, a low-complex suboptimal MMSE equalization can be realized [16] . With suboptimal MMSE equalization, the equalization coefficients are designed such that they perform optimally only in the most critical case at which successful transmission should be guaranteed. The variance is set equal to a threshold at which the optimal MMSE equalization guarantees the maximum acceptable BER. The equalization coefficient with suboptimal MMSE equalization results in (10) and requires only information about . The value has to be determined during the system design.
The optimum soft decided information which can be exploited in a Viterbi decoder are LLRs [17] , [18] . The calculation of the LLRs for coded OFDM systems without CDM is [18] 
where is the th soft detected code bit after symbol demapping.
In OFDM-CDM systems, the different fading coefficients of the subchannels where the spread data symbol has been transmitted on and the SI and/or noise amplification have additionally to be taken into account in the calculation of the LLRs. The th detected data symbol without the quantization operation can be written as (12) Since a frequency and time interleaver is applied, the complex-valued fading factors , affecting can be assumed to be independent. Thus, for sufficiently long spreading codes , the SI can be considered as additive zero-mean Gaussian noise according to the central limit theorem [15] . The noise term can also be considered as additive zero-mean Gaussian noise. The attenuation of the transmitted data symbol is the magnitude of the sum of the equalized channel coefficients of the subcarriers used for the transmission of weighted with . The symbol demapper delivers the real-valued soft decided bit (13) The desired real-valued soft decided bit , the real-valued soft decided bit and the real-valued noise are obtained after symbol demapping the desired complex-valued soft decided data symbol , the complex-valued term , and the complex-valued noise , respectively. The soft information is the distance between the received data symbol and the decision threshold according to the applied symbol mapping scheme. The real-valued SI and the real-valued noise can still be considered as additive zero-mean Gaussian noise with variance and , respectively. With defined in (13), the LLR can be written according to (11) as (14) When applying Hadamard codes as orthogonal spreading codes, the property can be exploited that the product , in half of the cases is equal to and in the other half is equal to , when . Furthermore, by assuming that the realizations and of a code bit are equally probable , the attenuation results in (15) the variance of the SI becomes (16) and the variance of the noise is
Substitution of (15), (16), and (17) in (14) leads to (18) To evaluate (18) , the law of large numbers [15] is applied for the calculation of the expectation values . Thus, the LLR for OFDM-CDM systems with single symbol detection can be implemented in the form (19) When using MMSE equalization for single symbol detection in OFDM-CDM systems, (19) can be approximated by (20) since the variance of reduces such that only the noise part in (19) remains relevant. In practice, (20) is preferable to (19) when using single symbol detection with MMSE equalization due to its lower computational complexity without essential loss in performance.
The gain with soft decision decoding compared to hard decision decoding depends on the spreading code length and is in the order of 4 dB for small and reduces to 3 dB with increasing . This shows the effect that the spreading averages the influence of the fading on a data symbol. When using LLRs instead of only the soft decided information , the performance further improves up to 1 dB.
Since all data symbols in have to be detected in the receiver of an OFDM-CDM system, the additional complexity of multisymbol detection methods is reasonable and can be accepted due to better performance results compared to suboptimal single symbol detection. The focus in this paper is on maximum-likelihood detection [12] and on interference cancellation techniques.
B. Maximum-Likelihood Detection
An advantage of maximum-likelihood symbol-by-symbol estimation (MLSSE) compared to maximum-likelihood sequence estimation (MLSE) is that the MLSSE inherently generates a reliability information for a detected data symbols which can be exploited in a subsequent soft decision channel decoder.
The LLR for OFDM-CDM systems with MLSSE is
The set of all possible transmitted data vectors where the considered code bit of the th data symbol is equal to is denoted by . The set of all possible data symbols where is equal to is denoted by . Using and , (21) results in (22) When the noise is additive white Gaussian, the LLR becomes (23) where (24) is the squared Euclidean distance between the received and the th possible transmitted sequence. Since MLSSE is the optimal symbol detector, MLSSE reaches a lower symbol error rate compared to MLSE. However, the improvements with MLSSE are small and often do not justify its additional complexity.
For MLSE, the sequence estimation process cannot provide reliability information on the detected code bits. However, an appropriate approximation for the LLR with MLSE is given by (25)
The indexes and mark the smallest squared Euclidean distances and where and , respectively.
C. Soft Interference Cancellation
Interference cancellation (IC) can be realized with two strategies. The first is IC performed with the code bits obtained after despreading by not including the channel coding in the iterative process. The second strategy is to concatenate IC and decoding in an iterative scheme. The desired data symbol can be detected by applying IC with reliability information obtained from the outer channel decoder. This can be done by soft-in/soft-out channel decoding or soft reencoding followed by respreading and predistorting the decoded interfering data symbols before cancelling the interference. This IC strategy is referred to as soft IC [19] , [20] . Soft IC exploits the advantage that the use of soft decided values in the iterative process reduces error propagation compared to the use of hard decided values.
The block diagram of an OFDM-CDM receiver with soft IC is illustrated in Fig. 2 . Soft IC can be carried out in multiple detection stages. Values and functions related to the th iteration are marked by an index , where may take on the values , and is the total number of iterations. The initial detection stage is indicated by the index [0]. Before detec- tion of the desired data symbol in the lowest path of Fig. 2 with an appropriate single symbol detection technique adapted to the th iteration, the contribution of the interfering data symbols with is detected with single symbol detection adapted to the th detection stage and subtracted from the received signal.
The soft decided value of the th interfering code bit is obtained after detection, symbol demapping and deinterleaving. The output of the reliability estimator delivers the LLR . The output of the soft-in/soft-out channel decoder delivers LLRs of the code bits in the form (26) which is the estimate of all the other soft decided values in the sequence about this re-encoded bit and not only of one received soft decided value . To avoid error propagation, the average value of which is the so-called soft bit is used [19] . The soft bit is defined as (27) The soft bit can take on values in the interval . After interleaving, the soft bits are soft symbol mapped such that the reliability information included in the soft bits is not lost. The obtained complex-valued data symbols are spread with their specific spreading code and each chip is predistorted with the channel coefficient assigned to the subcarrier where the chip has been transmitted on. After that, the total reconstructed SI is subtracted from the received signal .
The above operation becomes more clear, if one thinks of the channel decoder as a genie soft-in/soft-out decoder as defined in Fig. 3 . BER of different OFDM systems for the BU3 and HT150 channel models versus SNR; QPSK. [20] , which supplies for correctly re-encoded bits and otherwise. Then, the feedback does not use incorrect bits and avoids error propagation. The performance of the genie soft-in/soft-out decoder is a lower bound for OFDM-CDM systems with soft IC.
After cancelling the interference, the desired data symbol is detected with single symbol detection. However, in contrast to the initial single symbol detection, in the further stages, the equalizer coefficients given by the matrix and the LLRs after soft IC are adapted to the quasi SI-free case.
V. SIMULATION RESULTS
The OFDM-CDM system under investigation uses a transmission bandwidth of MHz and the carrier frequency is located at 2 GHz. The number of subcarriers is , resulting in an OFDM symbol duration of 256 s. The guard interval duration is 20 s. As channel codes, rate compatible punctured convolutional (RCPC) codes [21] with memory 6 and variable code rate between and are used. The symbol mapping scheme can vary between QPSK, 8-PSK and 16-QAM. Short Hadamard codes of length are applied for spreading, which is a good compromise between spreading and complexity [10] . The depth of the inner interleaver is for QPSK, 8-PSK and 16-QAM equal to 24, 16, and 12 subsequent OFDM symbols, respectively, such that time and frequency interleaving is applied. The detector uses soft IC for data detection unless otherwise stated. In each iteration of soft IC, the single symbol detector applies MMSE equalization, adapted to the iteration stage. The achievable bit rates depend on the symbol mapping scheme and the chosen channel code rate and are in the range from 1.24 Mb/s with high error protection using code rate and QPSK up to 5.94 Mb/s using code rate and 16-QAM. The performance of conventional OFDM, as e.g., applied in DVB-T and HIPERLAN/2, with same parameters as used for OFDM-CDM except for the CDM component is shown as reference in the sequel.
In Fig. 3 the BER versus the SNR in for OFDM-CDM systems and for conventional OFDM systems with different multipath channels, velocities of the mobile user and code rates is shown. The energy per bit is and the noise spectral density is . QPSK is chosen for symbol mapping. The mobile radio channels are chosen according to the COST 207 models [22] . Simulations are carried out with the bad urban profile and a velocity of 3 km/h of the mobile user (BU3) and with the hilly terrain profile and a velocity of 150 km/h of the mobile user (HT150). The results for OFDM-CDM are obtained with soft IC after the first iteration. It can be observed that OFDM-CDM outperforms conventional OFDM. The SNR gain with OFDM-CDM compared to conventional OFDM strongly depends on the propagation scenario and code rate.
For the following simulation results, the mobile radio channel is modeled as time and frequency selective Rayleigh fading channel with perfect time and frequency interleaving. Thus, the presented results can serve as reproducible reference.
The BER performance of OFDM-CDM with different single symbol detection techniques, MLSSE and soft IC versus the SNR is shown in Fig. 4 . The channel code rate is and QPSK symbol mapping is used. As reference the performance of conventional OFDM is given. MRC performs poor due to SI enhancement and ZF results in noise amplification at low SNRs. Best results are obtained with OFDM-CDM applying soft IC. The important result is that when reliability information about the SI from the outer soft in/soft out channel decoder is used in the iterative detection process with soft IC, even MLSSE followed by soft decision channel decoding can be outperformed already after the first iteration.
In Fig. 5 , the BER of an OFDM-CDM system with soft IC and with MMSE equalization versus the SNR is shown. The channel code rate is and the symbol mapping is 8-PSK. As lower bound the results for soft IC with genie soft-in/soft-out decoder are shown. Again, it can be observed that OFDM-CDM with soft IC outperforms the other techniques.
In Fig. 6 , we compare OFDM-CDM using classical convolutional codes with conventional OFDM using Turbo codes [23] . The BER versus the SNR for code rate and QPSK symbol mapping in the independent Rayleigh fading channel is shown. The results are given for OFDM-CDM with soft IC after the first iteration and for conventional OFDM using Turbo codes with interleaver sizes and and iterative decoding with 10 iterations. As reference the performance of OFDM with classical convolutional codes is given. Since the performance of Turbo codes cannot be improved with a memory greater than 2 for a BER equal to [24] , the memory of the component codes of the Turbo code is 2 in order to minimize the computational complexity. We can observe from Fig. 6 that the OFDM-CDM scheme with classical convolutional codes requires less SNR than conventional OFDM even with Turbo codes and interleaver size 1024 to achieve BERs in the range of and . The bandwidth efficiency of OFDM-CDM versus the SNR is shown in Fig. 7 . The results are given for the code rates , and and are shown for a BER of . The curves in Fig. 7 show that conventional OFDM requires a higher SNR to achieve the same bandwidth efficiency as OFDM-CDM with soft IC after the first iteration. As lower bounds for OFDM-CDM, the dashed curve shows the results with the genie soft-in/soft-out decoder and the dotted curve shows the results with perfect IC, i.e., for the SI-free case.
The bandwidth efficiency of OFDM-CDM with soft IC and for conventional OFDM with different symbol mapping schemes in a Rayleigh fading channel is presented in Fig. 8 . Results are shown for the BER of . OFDM-CDM outperforms conventional OFDM with QPSK and 8-PSK symbol mapping. When the symbol mapping scheme has also information in the amplitude, as in the case of 16-QAM, the performance gains of OFDM-CDM decrease. Nevertheless, an OFDM-CDM system with adaptive symbol mapping can handle symbol mapping schemes with 16-QAM to increase the data rate with acceptable performance so that the multiplexing scheme has not to be changed to conventional OFDM to guarantee optimum performance.
It can be summarized that the bandwidth efficiency of an OFDM system can be increased up to 50% when using additionally CDM, whereby OFDM-CDM needs additional complexity due to spreading and detection. The investigated OFDM-CDM system with variable symbol mapping and flexible channel coding achieves a bandwidth efficiency of 0.6 b/s/Hz with about 4 dB at a BER of . More favorable transmission conditions can increase the bandwidth efficiency by a factor of greater than four. It can generally be observed in the bandwidth efficiency plans that the performance gains with OFDM-CDM compared to conventional OFDM increase with increasing channel code rate due to better exploitation of the available diversity, assuming same symbol mapping scheme. Since the simulations in Figs. 4-8 assume perfect interleaving that eliminates the influence of the number of subcarriers and the OFDM symbol duration, the presented results and conclusions are valid for OFDM systems like among others DVB-T, HIPERLAN/2 or IEEE802.11a, assuming they would also have perfect interleaving.
VI. CONCLUSION
OFDM-CDM has been presented and compared to conventional OFDM as applied in e.g., DVB-T, HIPERLAN/2 or IEEE 802.11a. An OFDM-CDM system has been investigated with different detection techniques like soft IC based on iterative decoding and joint detection using the maximum-likelihood criterion. It has been shown that soft IC achieves a better performance compared to single symbol detection or even joint detection with maximum-likelihood criterion followed by soft decision channel decoding. The important result is that OFDM-CDM outperforms conventional OFDM with respect to bandwidth efficiency and BER performance due to a better exploitation of multipath diversity by spreading each data symbol over several subcarriers and OFDM symbols. The influence of the channel code rate has been taken into account in the investigations. Moreover, it has been shown that OFDM-CDM with classical convolutional codes can perform better than conventional OFDM with Turbo codes. Thus, OFDM-CDM offers an efficient exploitation of the available diversity and is an interesting technique for future wireless high rate data transmission.
